 Evolution of magnetic interaction has been investigated in Co/Pd multilayer films with 5, 9 and 15 repeats. All these samples were characterized by Isothermal remanence magnetization (IRM), DC demagnetization (DCD) and first order reversal curve (FORC). The δM plots obtained from the IRM and DCD data indicate exchanging coupling evolves into magnetostatic interaction as the repeat increases from 5 to 15. The FORC measurement was used to confirm this evolution and the FORC diagrams exhibit the effect of magnetic interaction on the reversal mechanism.
INTRODUCTION
Co/Pd and Co/Pt multilayers have attracted great attention due to their strong perpendicular magnetic anisotropy (PMA). The PMA property in these multilayers mainly results from the polarization of the Pd/Pt atoms at the interfaces, and is affected by the thickness of the magnetic and nonmagnetic layers [1] . Generally, the thickness of the Co layer is very thin (~0.3nm) in most Co/Pt and Co/Pd multilayers with strong perpendicular anisotropy. The increasing of the Co layer thickness leads to the Ruderman-Kittel-Kasuya-Yosida oscillatory in the Co/Pd and Co/Pt multilayers with perpendicular anisotropy [2, 3] . The thickness ratio of the Co layer to the Pd/Pt layer can also tailor their magnetic properties, such as magnetization and coercivity [2] . In addition, the number of the repeat in the multilayers also affects strongly the anisotropy constant, saturation magnetization and coercivity [2, 4, 5, 6] .
(Co/Pt) N and (Co/Pd) N multilayers with different bilayer have been studied by several groups. In general, hysteresis loops are square at N≤5, and a tail appears as N increases. Phillips et al reported that the reversal mechanism in the Co/Pt multilayers with 9 repeats is the nucleation followed by rapid domain growth, and the domain wall pinning dominates in the Co/Pt multilayers with 25 repeats [7] . For the reversal mechanism in the Co/Pd multilayers with different repeat, Sbiaa et magnetostatic interaction plays a key role based on a theoretical model [8] . In addition, exchange coupling interaction is the other interaction, and is also important in the magnetic materials. Both of these two types of interaction usually determine magnetic properties in material system. In this study, we focus on the magnetic interaction evolution in the Co/Pd multilayers with perpendicular anisotropy. In this work, (Co/Pd) N multilayers with repeat N from 5 to 15 have been fabricated. The evolution of the magnetic interaction has been studied by isothermal remanence magnetization(IRM) and the DC demagnetization(DCD). The first order reversal curve(FORC) method was used to verify this evolution.
EXPERIMENTS
(Co/Pd) N multilayer samples with 5, 9 and 15 repeats were grown by AJA magnetron sputtering systems onto Si (100) substrates in a vacuum chamber with a base pressure of 8×10 -9 Torr. A 10nm Pd buffer layer was first deposited, followed by the deposition of Co/Pd multilayer. The thickness of the Co and Pd layers in the stack were fixed to 0.4nm and 0.8nm by controlling the power of the target Co and Pd. Finally, a 2nm Cr layer was deposited on top as a capping layer. During the deposition, Ar sputtering gas pressure was kept at 4mTorr.
The magnetic characterization was conducted using a vibrating sample magnetometer (VSM, PMS MicroMagTM3900). In all these measurements, an external magnetic field was applied perpendicular to the sample surface. The IRM measurement started from a demagnetized state where a magnetic field H was applied, and then was removed. The remnant magnetization m r (H) was measured as the magnetic field increased by △H. This routine was repeated until the saturated remanence reached. The DCD measurement started from the saturated state. The magnetization m d (H) was measured while in this case the external field was applied in the opposite direction. For FORC measurements, a FORC curve started with the saturation of a system in a positive field H SAT . Then the field was lowered to a reversal field H r . When the applied field H was increased back to the saturated field H SAT , the magnetization curve obtained was called a FORC. The magnetization at the applied field H is M(H r , H), and the H r corresponds to the reversal field Finally, FORCs were analyzed with a software package Igor FORCinel for FORC diagrams [9] . In this process, different smoothing factors were chosen due to different signal quality in each sample and different background noise level. Generally, its reasonable range is from 1 to 5.
RESULTS AND DISCUSSION
The hysteresis loops for the Co/Pd multilayers with different repeat at room temperature are shown in Fig.1 . The most striking behavior is the shape change of the hysteresis loops in the Co/Pd multilayer samples. For the 5-repeat Co/Pd multilayer, the hysteresis loop is square. A tail is observed in the other samples, and becomes more significant as the repeat increases. This implies the different reversal mechanism in these three samples.
In order to understand the mechanism difference in the Co/Pd multilayers, we performed the IRM and DCD measurements. Generally, IRM and DCD measurement is a common method to exhibit the energy barrier distribution in magnetic material systems [10] . The IRM and DCD measurements with the applied field perpendicular to the sample surface are shown in Fig.2 . The insets of the Fig.2 illustrate the irreversible susceptibility curves (X irr_DCD and X irr_IRM ), which are the derivatives of the DCD and IRM curves to the applied field. The peak position of the X irr_DCD and X irr_IRM curves represents the reversal domain nucleation and domain wall pinning critical fields, respectively [7, 11] . In the inset of the Fig.2 , the peak position of X irr_DCD for the 5 repeat sample (at ~467Oe) is on the right of the X irr_IRM peak (at ~435Oe). This indicates that the reversal process is the nucleation ofreversal domains followed by rapid domain wall motion. This fact just results in the square hysteresis loop in the 5-repeat Co/Pt multilayer. For the 15 repeat sample, the X irr_DCD peakposition (at ~393Oe) moves to a field that is lower than that of the X irr_IRM peak (at ~887Oe). This implies that the corresponding reversal mechanism is reversal domains followed by their slow growth due to domain walls pinning. This reversal mechanism just leads to the appearance of the tail in the hysteresis loop of the 15-repeat sample. However, in the 9-repeat sample the X irr_DCD peak have the same position with the X irr_IRM peak. In this case, the method of δM plots is employed to study the reason of the different mechanism in these samples, and this is also a good method to study magnetic interactions in magnetic maternals [12, 13] . Generally, for non-interactional magnetic materials, δM=0. A positive δM indicates exchange coupling interactions while a negative value suggests magnetostatic interactions. The corresponding δM plots were obtained from the IRM and DCD curves of the samples (the inset of the Fig.2) . The positive δM implies a stronger exchange coupling interaction in the 5-repeat sample, and a magnetostatic interaction dominates in the 15-repeat sample. In the δM plot of the 9-repeat Co/Pd multilayer, a positive peak appears simultaneously with a negative peak. This indicates that the exchange coupling interaction dominates along with the magnetostatic interaction. Obviously, the main interaction in the Co/Pd multilayers changes from the exchange coupling interaction to the magnetostatic interaction as the repeat number increases. The 9-repeat sample is a transition in this evolution.
In order to study the evolution of the magnetic interaction further in the Co/Pd multilayers, the FORC method is employed to examine this evolution in detail. The FORC and its diagrams for the Co/Pd multilayers are shown in Fig.3 . The most striking feature in the FORC diagrams is that one ridge gradually develops to two ridges as the repeat increases from 5 to 15. For the 5-repeat sample, one ridge exhibits in the diagram, and its circle shape seems like that of a single domain system [14] . This feature is attributed to the domination of the exchange coupling interaction in the 5 bilayer Co/Pd multilayer sample [15] . This In the FORC diagram of the 9-repeat sample (Fig.3) , two ridges appear, and contact together. One is the horizontal ridge between line 1 and 2, and reflects the nucleation and propagation of reversal domains. The other is the vertical ridge between line 2 and 3 along H r direction, and reflects the annihilation of residual domains. As the repeat increases up to 15, two ridges both extend and a gap appears between line 2 and 3.
In the 5-repeat sample, the stronger exchange coupling contributes the square hysteresis loop. As the repeat increases, the magnetostatic interaction becomes larger, especially intralayer magnetostic energy, and it can result in the reduction of domain size [8] . This strongly impedes the motion of the domain wall, and leads to the of reversal mechanism. This fact is observed in the 9-and 15-repeat samples. In the 15-repeat sample, the domination of the magnetostatic interaction extends the process of the nucleation and domain wall motion. This results in the extension of two ridges and the appearance of the gap.
SUMMARY
Evolution of magnetic interaction has been studied in Co/Pd multilayer films with 5, 9 and 15 repeats. For the 5-repeat sample, the exchange coupling interaction plays a key role in the reversal mechanism, and results in a rapid wall motion. As the repeat increases, the magnetostatic interaction forces the domain wall motion to be slow, and even lead to the appearance of tail in the corresponding hysteresis loop. In the 15-repeat sample, the magnetostatic interaction dominates, and this leads to a long tail in its hysteresis loop. It is on a transition in this evolution for the 9-repeat sample.
